ABSTRACT: Common methods to estimate vertical jump height (VJH) are based on the measurements of flight time (FT) or vertical reaction force. This study aimed to assess the measurement errors when estimating the VJH with flight time using photocell devices in comparison with the gold standard jump height measured by a force plate (FP). The second purpose was to determine the intrinsic reliability of the Optojump photoelectric cells in estimating VJH. For this aim, 20 subjects (age: 22.50±1.24 years) performed maximal vertical jumps in three modalities in randomized order: the squat jump (SJ), counter-movement jump (CMJ), and CMJ with arm swing (CMJarm). Each trial was simultaneously recorded by the FP and Optojump devices. High intra-class correlation coefficients (ICCs) for validity (0.98-0.99) and low limits of agreement (less than 1.4 cm) were found; even a systematic difference in jump height was consistently observed between FT and double integration of force methods (-31% to -27%; p<0.001) and a large effect size (Cohen's d>1.2). Intra-session reliability of Optojump was excellent, with ICCs ranging from 0.98 to 0.99, low coefficients of variation (3.98%), and low standard errors of measurement (0.8 cm). It was concluded that there was a high correlation between the two methods to estimate the vertical jump height, but the FT method cannot replace the gold standard, due to the large systematic bias. According to our results, the equations of each of the three jump modalities were presented in order to obtain a better estimation of the jump height. 
INTRODUCTION
Jump height performance is one of the important functional parameters for most sports [1] . The literature indicates that there are significant differences among vertical jump heights (VJH) estimated by different methods [2] . The VJH has become one of the indirect techniques most frequently used by researchers and coaches to estimate muscle power of the lower limbs [3; 4; 5; 6; 7] . In addition, this measure has been used to evaluate and monitor the effectiveness of training programmes and to determine an athlete's aptitude for sports such as volleyball and basketball [8; 9; 10] . Common methods to estimate vertical jump height are based on the measurements of flight time (FT) or vertical ground reaction force (VGRF) [11; 12] .
Measurement errors when estimating the vertical jump height with flight time using photocell devices: the example of Optojump
The assessment of VJH by the VGRF method has been validated in previous studies and is considered as the gold standard for the assessment of VJH performance [2; 13; 14; 15] . On one hand, through measuring the VGRF with a force platform (FP) the VJH can be estimated by various techniques, all based on the double integration of force (DIF) [12; 16; 17] . On the other hand, Quattro-Jump used the DIF method to calculate the jump height. However, it has been observed that VJH is influenced by centre of mass (COM) position before take-off, suggesting that COM displacement can be calculated during the initial position (contact phase). Even if this assessment method has excellent measurement accuracy [15; 18; 19] , however, it requires expensive and hardly transportable measurement tools.
The Optojump [20] and contact mats such as "SaltoBras, LABIN" [11] and "Vertec" [8] have been used for measurement of FT. The FT method has been shown to be a reliable field test for assessing VJH in both men and women [12] . Again, the equation of uniform acceleration used to calculate the VJH has been shown to be valid and reliable [18] . The method aiming at assessing VJH through FT, with photoelectric cells (e.g. Optojump), the latter of which consist of 2 parallel bars (one transmitter and one receiver unit) that are positioned at the floor level, allows athlete-surface interaction to be easily accessible because the cells can be placed directly on all sport surfaces (i.e., content validity), except sand.
Moreover, the Optojump system has the advantages of being easy to transport, easy to handle, and relatively cost effective [13] . Given these advantages of this measurement device over other measurement methods, the concurrent validity of Optojump to estimate the vertical jump height has been studied.
The intra-session error is free of methodological errors and may be considered as "intrinsic variation", cannot be reduced, and thereby serves as an appropriate baseline for comparisons, remaining independent of other error sources [21] . Intra-session reliability of VJH performance is critically important to ensure that observed differences between testing trials are not due to systematic bias, such as a learning effect, fatigue, or random error due to possible biological or mechanical variations. This variability is usually caused by the emotional state of the subject between the trials and his level of adaptation with the measuring system [21; 22] . Therefore, the aims of this study were:
a. To determine the concurrent validity of the method aiming at assessing vertical jump height through FT, with photoelectric cells (e.g. Optojump) with the gold standard FP (i.e., Quattro-Jump).
b. To determine the intrinsic reliability of the Optojump photoelectric cells in estimating VJH.
MATERIALS AND METHODS

Participants.
Twenty healthy male physically active volunteers participated in this study (age: 22.50±1.24 years; body mass: 75.77±13.22 kg; body height: 177.05±7.04 cm). The participants were physical education students (college athlete), and none of the participants had pathological or traumatic history of the lower limbs. The local ethics committee approved the experimental protocol, and all subjects provided written informed consent before testing. All participants were asked to refrain from strenuous exercise on the day preceding the assessments.
Study design
Each subject performed a minimum of 3 and a maximum of 5 respectively for squat jumps (SJ), counter movement jump (CMJ) and CMJ with arm-swing (CMJarm) and the highest jump height of each type of jump was used for further analysis. Each trial was simultaneously recorded by the Quattro-Jump and Optojump devices for concurrent validity assessment (i.e., intra-trial concurrent assessment).
Two trials were randomly selected to examine the test-retest reliability of the Optojump system. According to this research design, each jump was entered in the calculation as a single case. These tests were performed in randomized order (Latin square design) according to the protocol described by Bosco et al. [23] .
Procedures
The participants visited the laboratory twice with an interval of at least 24 hours. The first visit was used as a familiarization session during which the subjects received instructions to correctly perform the three modalities of jump, i.e. they were required to practise 
Statistical analyses
Data analyses were performed using SPSS version 18.0 for Windows.
Means and standard deviations (SD) were calculated after verifying the normality of distributions using Kolmogorov-Smirnov statistics.
To help protect against type II errors, an estimate of effect size (d), mean differences, and 95% confidence intervals (CIs) were presented [28] . The modified Hopkins scale [29] was used for the interpretation of d; d<0.2 was considered as trivial, between 0.2 and 0.6 as small, between >0.6 and 1.2 as moderate, and >1.2 as large. Paired-sample t-tests were used to detect any systematic difference (also referred to as bias) between tools (validity), test trials (reliability) and compared to the Glatthorn equation [20] (force platejump height (cm) =1.02×Optojump jump height+0.29). Concurrent (criterion-related) validity of the Optojump system was examined using intra-class correlation coefficients (ICCs) with 95% confidence intervals (CI), Bland-Altman systematic bias ± random errors using the 95% limits of agreement (LOAs) [30] , and Pearson correlation coefficient (r) were also used. The relative intra-session reliability of the CMJ, CMJarm and SJ were determined by calculating the ICC [1, 3] , and the absolute intra-session reliability was expressed in terms of standard error of measurement (SEM) and coefficients of variation (CV) [15; 31) . Heteroscedasticity was assessed using correlation between the absolute residuals and vertical jump scores for each participant. To reduce heteroscedasticity, natural log transformation of raw data was performed when appropriate. Statistical significance was set at p<0.05.
RESULTS
Although the ICC scores calculated for validity were very close to 1 (Table 1) Therefore, those subjects producing the greatest jump heights as measured by the force platform tended also to achieve the greatest jump heights when the other methods were employed in the FT method (see Figure 1) . Heteroscedasticity coefficients for SJ, CMJ and CMJarm were r=0.09, r =0.40 and r =0.32 respectively, showing the presence of heteroscedasticity in CMJ and CMJarm modalities; therefore a logarithmic transformation was applied to the raw data to reduce heteroscedasticity. Thus, the limits of agreement are expressed as ×/÷ 95% limits of agreement within the range of ratios. 
DISCUSSION
The purpose of the present study was to investigate the differences in jump heights gathered from flight time (FT) (Optojump) and a double integration of force (DIF) (Quattro-Jump) devices. Our results indicated that jump heights from the DIF method were significantly greater when compared to the FT method. A systematic difference (bias) was nevertheless observed between the two systems, and the Optojump tool showed the lowest degree of agreement with the reference method, underestimating systematically in the range from -14.49 to -11.08 cm (Table I and Figure 2) . Therefore, the major findings of this study were that Optojump photoelectric cells are not valid based on centre of mass; they presented a systematic error and high linearity with the reference device (Quattro-Jump). Indeed, with a significant correlation and high coefficients of determination, it was possible to establish regression equations for predicting the jump height for the three jump modalities by using the Optojump. [20] . Systematic bias was observed, and our equations obtained higher jump heights in SJ, CMJ and CMJarm, when compared with Glatthorn et al. [20] .
FIG. 1. Comparison of vertical jump height calculation between DIF
and FT method devices. Note: *CI = confidence interval; CMJ = countermovement jump; CMJarm= countermovement jump with arm swing; ICC = intraclass correlation coefficient; SEM = standard error of measurement; SJ = squat jump.
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Vertical jump height measurement errors when estimating with flight time
The differences observed between two devices (approximately:
SJ: 31%, CMJ: 27% and CMJarm: 28%) was directly proportional to the absolute jump height (Figure 3 ). These differences can be attributed to several factors. Particularly, the jump height estimated by the FT was significantly lower than that estimated by DIF, which is comparable to the results reported by Moir [12] . This difference is the distance between the initial height of COM (H 0 ) and the takeoff height (Figure 1 analyses may be more useful to establish absolute reliability [37] .
In heteroscedastic data, coefficient of variation (CV) analyses are recommended [37] . According to Hopkins (2000) [29] , SEM is best expressed as CV (percentage of the mean). In this study, SEM was for SJ, CMJ and CMJarm 4.47, 2.62 and 1.22% respectively, which was below the reference value of 5% suggested as a limit of difference between any two performances for the same test [33; 38] . The test-retest CVs of SJ, CMJ and CMJarm heights obtained in the present study were in the range 1.76-6.47%, which were similar to the findings reported by Nuzzo et al. [35] .
Finally, we concluded that although the method aiming at assessing vertical jump height through FT, with photoelectric cells (e.g. [20] showed that the latter one underestimated the vertical jump height; the differences were SJ: 31%, CMJ:
27% and CMJarm: 28%.
CONCLUSIONS
Based on this study, the method aiming at assessing vertical jump height through FT, with photoelectric cells (e.g. Optojump) has a strong agreement with the DIF method (gold standard), but is not valid. The Optojump photoelectric cells had an excellent inter-trial reliability for the assessment of vertical jump height. Thus, they can be used with confidence to detect between-group differences in crosssectional comparisons [39; 20] . The height of the jump has to be defined (before discussing the performances), as it varies according to the benchmarking tool. Considering that measuring the vertical jump height, in most cases, should be done in a practical and objective manner in the field of sports, FP seems to be too costly and impractical and more expensive. Therefore it will be much more terion measurement for jump height in this study based on the definition of jump height provided by many authors [11; 12; 32] .
According to Moir [12] and Dias et al. [11] , methods that consider the COM displacement before take-off obtain greater heights when One has to bear in mind the critics quoted by Glatthorn et al. [20] that can give a small under-estimate of the jump height by Optojump played a role in the recorded differences as both had the same sampling rates (1000 Hz). Kibele [34] and Moir [12] suggested that the differences in their respective studies may be linked to the changes in the subject's posture during flight (between take-off and landing). This limitation in the ability to make a valid estimate of vertical jump height is frequently cited in the literature using FT because the height of the subject's COM at take-off needs to be the same as at landing, and this is quite difficult to control.
The values illustrated in Table II show that there was a significant difference of the jump height results calculated by the formula of Glatthorn et al. [20] and that of the present study. Additionally, there was a high systematic error (range: 10.09-13.27 cm) with a positive linear correlation in both studies. Despite the significant differences in jump height between the 2 devices, there was a significant correlation and a high degree of linearity of the method aiming at assessing vertical jump height through FT, with photoelectric cells (e.g.
Optojump) with the method aiming at assessing vertical jump height through DIF, with a force platform (e.g. Quattro-Jump).
The variability between trials reflects the inherent variation in healthy individuals or those with pathology [13] . Inter-trial reliability of vertical jump performance is critically important to ensure that 
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